Wireless power transfer provides an opportunity to charge electric vehicles (EVs) without electrical cables. Two categories of this technique are distinguished: Stationary Wireless Charging (SWC) and Dynamic Wireless Charging (DWC) systems. Implementation of DWC is more desirable than SWC as it can potentially eliminate challenges associated with heavy weight batteries and time-consuming charging processes. However, power transfer efficiency and range, lateral misalignment of coils as well as implementation cost are issues affecting DWC. These issues need to be addressed through developing coil architectures and topologies as well as operating novel semiconductor switches at higher frequencies. This study presents a small-scale dynamic wireless power transfer system for EV. It specifically concentrates on analyzing the dynamic mutual inductance between the coils due to the misalignment as it has significant influence on the EV charging process, particularly, over the output power and overall efficiency. A simulation study is carried out to explore dynamic mutual inductance profile between the transmitter and receiver coils. Mutual inductance simulation results are then verified through practical measurements on fabricated coils. Integrating the practical results into the model, an EV DWC power transfer simulation is conducted and the relation between dynamic mutual inductance and output power are discussed technically.
Introduction
EVs have gradually become a reasonable replacement for conventional fossil fuel cars with internal combustion engines. Their use will assist air pollution and CO 2 emission reduction, and also extensive deployment of green energy sources [1] [2] [3] [4] . Moreover, general public interest has motivated car manufacturers towards the development of various electric vehicles [2, 5] , such as battery electric vehicles (BEV), hybrid electric vehicles (HEV), fuel cell electric vehicles (FCEV), and fuel cell hybrid vehicles (FCHV) [6] . The development and improvement of battery storage systems as well as implementation of various techniques for the monitoring and control of battery states facilitates the attractiveness of EVs [7, 8] . EV charging can be accomplished either using cables (wired) or wirelessly. The wireless charging technique compared to the traditional wired approach has recently become more engaging in terms of safety, suitability and simplicity [9, 10] . Since charging cables are not required for Wireless Power Transfer (WPT); the hazards of tripping, arcing or getting electrocuted while plugging or unplugging batteries in a wet environment are eliminated. The safety and efficiency of WPT systems can be attained by the installation of new protective devices, interconnection protection systems and earthing arrangements [11, 12] that monitor various faults and respond to them as quickly as possible. The applications of this technology can be found in wireless chargers for both small-scale appliances such as toothbrushes, cellular phones [13] [14] [15] and medical implants [16, 17] or even for high-power charging of EV batteries [18, 19] .
Based on the operation principle, WPT systems for EV charging can be separated into two categories, i.e., static and dynamic. Static Wireless Charging (SWC) systems transmit power over the air gap between two stationary positioned coils, while a Dynamic Wireless Charging (DWC) system potentially allows one to transfer power from a stationary transmitter to the receiver coil of a moving object, e.g., an EV [20] [21] [22] [23] . In a study by Choi et al. [2] , one of the major challenges associated with commercialization of EVs is the battery durability. Despite of all the advances in the field of material technology, EV batteries are still expensive and characterized by slow charging times, low energy density and limited lifetime [24] [25] [26] . FCEVs, where a fuel cell directly converts chemical energy into electrical energy, have high efficiency and produce zero emissions, but the cost and hydrogen storage are considered limiting factors of such vehicles [27] . In case of the stationary wireless charging, the EV can only be charged once it is at a specific charging station. For transit, the vehicle must solely rely on its internal energy source and, therefore, it must carry a relatively large and heavy battery in order to cover a reasonable distance between the charges. Consequently, problems associated with the EV energy storage such as low power density, long recharging time and heavy weight are created inherently. On the other hand, by employing the DWC technique, the EV could be charged while it is in motion and consequently, the size of the carried battery can potentially be reduced [1] [2] [3] . Therefore, implementation of DWC systems is considered as a viable solution to increase the competitiveness of EVs in the marketplace as well as technically overcome the charging issues.
Dynamic wireless power transfer systems have a number of advantages that could lead to the extensive deployment of EVs [2, 3] . Firstly, the allowable traveling range of the vehicle could be improved due to the possibility of continuous charging of its battery while moving forward [28] [29] [30] . Secondly, charging during motion will eliminate the need for large energy storage. This, in turn, will reduce the vehicle's weight and increase the travel distance. Lastly, Dynamic Wireless Power Transfer (DWPT) systems which employ the principles of the DWC technique allow charging several vehicles simultaneously and reducing the charging time. However, practical application of DWPT systems for EV charging is associated with a set of challenges. The most important issues which need to be addressed are the low power transfer efficiency and considerable power losses occurring during the process [3] . The cause of these problems is the dynamic nature of charging. To be precise, there is a constant lateral misalignment between the transmitter and the moving receiver coils [4] . This in turn results in considerable power transfer efficiency degradation, which is not desirable.
The concept of WPT was firstly introduced by Nicola Tesla in the early 1890s when he conducted an experiment on wireless energy transfer through the air between static objects [31] [32] [33] . Later, the first implementation of a DWPT system in EV charging was performed at the Lawrence Berkeley National Laboratory in 1976 [2, 34, 35] . Recently, a research team from University of Auckland has accomplished a noticeable achievement in the development of electric buses that are powered wirelessly during motion [22, 36] . They have designed a prototype of a 400 m long track that wirelessly transmits 100 kW to a train [37] . Furthermore, the researchers from Korea Advanced Institute of Science and Technology (KAIST) have developed several generations of Online Electric Vehicles (OLEVs). They have implemented an OLEV project, which was capable of transmitting 100 kW of power with 85% efficiency [2, 3] . Moreover, the research team of Oak Ridge National Laboratory (ORNL) [38] has proven that the power transfer efficiency of DWPT system depends mainly on the position of the transmitter coil with respect to the pick-up coil. Therefore, the ultimate goal of this research is to analyze the effect of transmitting and receiving coil positions on DWC system efficiency and examine variable coupling factors between the coils.
There are three common techniques applied in DWPT systems for EV charging, namely: Inductive Power Transfer (IPT), Capacitive Power Transfer (CPT) and coupled magnetic resonance [1] .
Energies 2018, 11, 624 3 of 21 The efficiency of both IPT and CPT methods is high, but the range of power transfer is low. The IPT method is preferable for EV charging because of the high power transfer rate which can be transferred comparing to the CPT method. Coupled magnetic resonance is considered as a special case of the IPT method, but with a medium range of power transfer. DWPT systems based on the coupled magnetic resonance have a high quality factor Q and operate at the high frequency range, up to 10 MHz [1] . The DWPT system proposed in this work applies the coupled magnetic resonance method to transfer 100 W to a 13 Ω resistive load at 85 kHz.
According to the power tracks' construction, the DWPT systems can be divided into lumped or concentrated and stretched or distributed. In distributed DWPT systems, the transmitter coil length is greater than that of the moving receiver coil. On the contrary, concentrated DWPT systems have transmitter and receiver coils of identical size and shape [4] . The advantages of the stretched transmitter coils include design simplicity and less number of components compared to the lumped tracks [39] . However, the limitation of such distributed systems is their low power transfer efficiency. This fact was proven by the research team from KAIST [28] . In this experiment, 27 kW of power was transferred to a vehicle wirelessly with 74% efficiency, while the typical expected efficiency is greater than 90%. On the other hand, a concentrated transmitter system consists of a number of coils that has the same size as the receiver coil, which yields higher transfer efficiency [29] . Thus, the proposed system implements the lumped design of the power track. In Figure 1 , the transmitter and receiver coils are presented as blocks, which include compensation circuit and a coil. In addition, in order to improve the efficiency of the transfer further, each transmitter coil requires a set of compensation elements to be connected to it. However, this in turn results in greater number of elements and therefore more complex designs. Thus, the total cost of the lumped DWPT systems is higher than that of distributed tracks due to the increased number of circuit elements. In order to overcome this challenge, most of the applications utilize a set of transmitter coils connected in series or in parallel, which are supplied by a single power source instead of separate ones. Furthermore, the transmitter coils should be mounted sufficiently far away from each other in order to reduce losses on self-coupling between them. Such design allows transmitting power when the receiver coil is coupled with the transmitter and stopping the transfer when the receiver is located between the two transmitters. This approach eliminates power pulsations and results in higher power output. Thus, the distance between adjacent transmitters must be selected precisely and accurately [40] . Approaches to transfer power in an efficient manner in magnetic resonant coupling for different configurations of transmitter and receiver coils are shown in the study of [41, 42] . In addition, the power transfer efficiency of the DWPT systems depends on the dimensions and shape of the coils, type of the material used and the design of coil shielding [43] [44] [45] . The given study compares circular-and square-shaped coils in terms of power transfer efficiency. In addition, a 3D simulation study is performed in order to identify the optimal spacing between the transmitter coils.
Energies 2018, 11, x 3 of 21 transferred comparing to the CPT method. Coupled magnetic resonance is considered as a special case of the IPT method, but with a medium range of power transfer. DWPT systems based on the coupled magnetic resonance have a high quality factor Q and operate at the high frequency range, up to 10 MHz [1] . The DWPT system proposed in this work applies the coupled magnetic resonance method to transfer 100 W to a 13 Ω resistive load at 85 kHz. According to the power tracks' construction, the DWPT systems can be divided into lumped or concentrated and stretched or distributed. In distributed DWPT systems, the transmitter coil length is greater than that of the moving receiver coil. On the contrary, concentrated DWPT systems have transmitter and receiver coils of identical size and shape [4] . The advantages of the stretched transmitter coils include design simplicity and less number of components compared to the lumped tracks [39] . However, the limitation of such distributed systems is their low power transfer efficiency. This fact was proven by the research team from KAIST [28] . In this experiment, 27 kW of power was transferred to a vehicle wirelessly with 74% efficiency, while the typical expected efficiency is greater than 90%. On the other hand, a concentrated transmitter system consists of a number of coils that has the same size as the receiver coil, which yields higher transfer efficiency [29] . Thus, the proposed system implements the lumped design of the power track. In Figure 1 , the transmitter and receiver coils are presented as blocks, which include compensation circuit and a coil. In addition, in order to improve the efficiency of the transfer further, each transmitter coil requires a set of compensation elements to be connected to it. However, this in turn results in greater number of elements and therefore more complex designs. Thus, the total cost of the lumped DWPT systems is higher than that of distributed tracks due to the increased number of circuit elements. In order to overcome this challenge, most of the applications utilize a set of transmitter coils connected in series or in parallel, which are supplied by a single power source instead of separate ones. Furthermore, the transmitter coils should be mounted sufficiently far away from each other in order to reduce losses on selfcoupling between them. Such design allows transmitting power when the receiver coil is coupled with the transmitter and stopping the transfer when the receiver is located between the two transmitters. This approach eliminates power pulsations and results in higher power output. Thus, the distance between adjacent transmitters must be selected precisely and accurately [40] . Approaches to transfer power in an efficient manner in magnetic resonant coupling for different configurations of transmitter and receiver coils are shown in the study of [41, 42] . In addition, the power transfer efficiency of the DWPT systems depends on the dimensions and shape of the coils, type of the material used and the design of coil shielding [43] [44] [45] . The given study compares circularand square-shaped coils in terms of power transfer efficiency. In addition, a 3D simulation study is performed in order to identify the optimal spacing between the transmitter coils. Another important design consideration in DWPT systems is the choice of primary and secondary side compensation circuits. For instance, in order to enhance the efficiency of the power transfer, the compensation capacitors are connected in series or in parallel with the primary and secondary side inductors. Proper selection of the compensation topology will also allow soft switching of power electronic instruments, minimize the inductance leakage, tune the system to the required resonance frequency, and reduce the VA rating of transferred power. There are four fundamental compensation circuits, which are denoted as: Series-Series (SS), Series-Parallel (SP), Parallel-Series (PS) and Parallel-Parallel (PP). Each topology has benefits and drawbacks, and different transfer efficiency rates. It has been clearly demonstrated in previous work [46] , that SS and PS topologies are found to be the most efficient, resulting in 70.3% and 70.4% of efficiency, respectively. As the output efficiencies are relatively low, more advantageous compensation circuit topologies such as Inductor-Capacitor-Capacitor (LCC) and Inductor-Capacitor-Inductor (LCL) are introduced [47] [48] [49] [50] [51] . The utilization of these novel compensation circuits can enable Zero Voltage Switching (ZVS) and Zero Current Switching (ZCS) modes of operation, hereby increasing the power transfer efficiency. However, Kan et al. [45] claimed that the use of LCC circuits is the most efficient in terms of power transfer. Therefore, the design of this proposed study employs LCC compensation of the primary side coil. However, since the compensation circuit has a number of elements, it would also be beneficial to decrease the overall complexity of the system. Therefore, the secondary side coil is tuned in series with a compensation capacitor.
Having considered the abovementioned points, this study investigates the power transfer efficiency of a DWPT system transmitting 100 W at 85 kHz. Moreover, a comprehensive analysis of square-and circular-shaped coils was performed. In order to identify the electromagnetic parameters of the coils, a simulation study was employed and a validation was practically performed by the proposed effective measurement method of the mutual inductance. The study is structured as follows: Section 2 presents the proposed system description, Section 3 provides the simulation results of the various coil designs, Section 4 compares simulation and experiment results of the variable mutual inductance between two and three coils, while Section 5 discusses the simulation results of the proposed DWPT system, and Section 6 summarizes the outcomes of the study, presents the conclusions and future works.
DWPT System Model
This research study analyzes the performance of a DWPT system equipped with two stationary transmitters and one moving receiver. Generally, the practical layout of such system consists of more than a pair of transmitter coils. However, for the simulation and analysis simplification, a system with just two power pads was studied. Nevertheless, the basic principle of operation is the same.
The schematic diagram of the proposed system with the specified notation of parameters is presented in Figure 2 . As mentioned, this system consists of two transmitter tracks, which are supplied by a common DC source V DC . The full-bridge inverter with four switches S 1 , S 2 , S 3 and S 4 was used to convert input DC voltage into AC voltage since the nature of magnetic resonance coupling method is based on AC current. Moreover, in order to achieve proper resonance state and increase the system efficiency, each transmitting coil is connected to the LCC compensation circuit. The compensation elements such as inductor and two capacitors are denoted as L t1 , C 1 , C 1t for the upper transmitter and L t2 , C 2 , C 2t for the lower transmitter, respectively. The corresponding stray resistances are represented as R t1 , R 1 , R t2 , and R 2 . In addition, capacitors C t1 and C t2 are included into the circuit in order to adjust inverter's reactance. The two transmitter coils' self-inductances L 1t and L 2t successively couple with the receiver coil's self-inductance L 1r as it moves over them and create mutual inductances M 1 and M 2 , respectively. The overall stray resistances of the first and the second transmitters are designated as R 1t and R 2t . Moreover, switches S 11 and S 22 are used to switch on and off the transmitter 1 or transmitter 2 when it is required. Currents I t1 and I t2 flow through the compensation circuits, while I 1 and I 2 are the transmitting currents and I L is the induced current, which flows through As described in Section 1, a dynamic WPT system is an extended version of stationary WPT system and the fundamentals of their operation are common. Specifically, since in case of stationary WPT system EV is motionless with respect to the transmitter coil, the mutual inductance between transmitter and receiver coils is constant over the whole charging cycle. However, in case of a dynamic WPT system the mutual inductance varies in accordance with the vehicle's movement. This can be interpreted as creating a number of stationary circuits. Hence, a simplified circuit of WPT system depicted in Figure 3 is used to explain the basic operation. In Figure 3 , AC voltage V1 is applied to the primary-side coil with inductance L1. It transfers power to the transmitter coil and then voltage V2 is induced in the secondary-side coil with inductance L2. As a result, the mutual inductance M is created between them. The primary and secondary side capacitors of the compensation circuits, which create perfect resonance, are denoted as C1 and C2, respectively. In addition, the terms I1 and I2 denote the currents flowing through primary and secondary inductors. Based on the simplified model of the WPT system, input V1 and output V2 voltages are obtained as:
where ω represents the angular frequency of the system, which maintains resonance and can be defined as:
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Hence, these circuit parameters define the WPT system performance. Based on the simplified model of the WPT system, input V 1 and output V 2 voltages are obtained as:
Hence, these circuit parameters define the WPT system performance.
Energies 2018, 11, 624 6 of 21
Coil Design and Simulation

Description of Coil Design
Improvement of the power transfer efficiency of DWPT systems for EV charging is the focus of recent studies [1] [2] [3] [4] [5] . It was revealed that the efficiency depends significantly on the design of transmitting and receiving coils. Precisely, geometry, material, shielding and dimensions of coils as well as lateral and axial displacements between primary and secondary inductors drastically affect both self and mutual inductances. There are several methods commonly employed to estimate self-inductance L of a coil and its quality factor Q, which were thoroughly described in [49] [50] [51] . However, while being of a key importance towards the enhancement of the DWPT system performance, the derivation of mutual inductance is a complicated procedure depending on many aspects. Thus, this section analyzes the factors which influence mutual inductance.
The literature review shows that various coil shapes have been analyzed and developed for the design of DWPT systems such as circular, rectangular, square, hexagonal, etc. [43, 44, [51] [52] [53] [54] . However, Luo and Wei [54] claim that the circular and square shaped coil resonators are considered as basic geometries and therefore widely used. The inductively coupled area of square shaped coils is larger in comparing with circular shaped coils of the same size. However, the mutual inductance between the circular shaped coils is higher than between the square shaped coils [40] .
Analytically, mutual inductance can be calculated using numerical iterations [55] [56] [57] , look-up tables [57] , Bessel and Struve functions [58] , Heuman's lambda function [59] , and Biot-Savart law [60] . However, with the development of computer aided tools based on the high precision Finite Element Analysis (FEA), the calculation of mutual inductance became simpler and more convenient. Hence, comparison of electromagnetic parameters of circular and square shaped coils was performed.
In addition, shielding of transmitter and receiver coils must be considered while designing a DWPT system. This is mainly required for safety reasons. Since the power is transferred at high frequencies (up to tens of kHz range) induction heating phenomena can occur [40] . In order to avoid this, ferrite bars or plates can be placed above the inductive coils. These would eliminate heating of the EV parts and could potentially increase mutual coupling between the coils by streamlining the magnetic flux through them. Moreover, these ferrite covers may be coated by a thin layer of aluminum, which will eliminate magnetic flux leakage [61] . However, analysis of the effects produced by a shielding material on mutual inductance is out of scope of this work.
Three cases comparing the performance of square and circular coils have been considered in this study. The first simulation was performed in order to identify self and mutual inductances for the proposed shapes under the condition that the conductor length for all the coils is kept constant. The second case is intended to estimate an optimized spacing y between the lumped transmitter coils, as shown in Figure 4 . The third simulation aims to demonstrate how mutual inductance is changed with respect to the lateral misalignment between the transmitter pads and the moving receiver coil. In all cases identical dimensions for transmitter and receiver coils were considered.
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Description of Coil Design
Improvement of the power transfer efficiency of DWPT systems for EV charging is the focus of recent studies [1] [2] [3] [4] [5] . It was revealed that the efficiency depends significantly on the design of transmitting and receiving coils. Precisely, geometry, material, shielding and dimensions of coils as well as lateral and axial displacements between primary and secondary inductors drastically affect both self and mutual inductances. There are several methods commonly employed to estimate selfinductance L of a coil and its quality factor Q, which were thoroughly described in [49] [50] [51] . However, while being of a key importance towards the enhancement of the DWPT system performance, the derivation of mutual inductance is a complicated procedure depending on many aspects. Thus, this section analyzes the factors which influence mutual inductance.
Three cases comparing the performance of square and circular coils have been considered in this study. The first simulation was performed in order to identify self and mutual inductances for the proposed shapes under the condition that the conductor length for all the coils is kept constant. The second case is intended to estimate an optimized spacing y between the lumped transmitter coils, as shown in Figure 4 . The third simulation aims to demonstrate how mutual inductance is changed with respect to the lateral misalignment between the transmitter pads and the moving receiver coil. In all cases identical dimensions for transmitter and receiver coils were considered. 
Simulation Results and Analysis
Case 1: Comparison of Self and Mutual Inductances
In order to compare the effectiveness of circular and square shaped coils, their self and mutual inductances were calculated. The copper cable with a 4 mm 2 cross section was selected for the coils design. The vertical distance Z between the transmitter coils and the moving pick-up coil is set constant, 65 mm, for all three cases. The total length L of the conductor used for the design of the circular coil and square coils are 14.15 m and 14.6 m, respectively, which are approximately the same. The number of turns for the transmitter N 1 and receiver N 2 coils is equal to 17 and 18, respectively. The circular coils' inner r 1 and outer r 2 radii are selected to be 106 mm and 156 mm. On the other hand, the distance between the origin and the first turn of the square coils is equal to 106 mm and the length of each square coil is chosen to be 126 mm. The 3-D models created in ANSYS Maxwell software for the two described shapes are illustrated in Figure 5a ,b.
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Case 1: Comparison of Self and Mutual Inductances
In order to compare the effectiveness of circular and square shaped coils, their self and mutual inductances were calculated. The copper cable with a 4 mm 2 cross section was selected for the coils design. The vertical distance Z between the transmitter coils and the moving pick-up coil is set constant, 65 mm, for all three cases. The total length L of the conductor used for the design of the circular coil and square coils are 14.15 m and 14.6 m, respectively, which are approximately the same. The number of turns for the transmitter N1 and receiver N2 coils is equal to 17 and 18, respectively. The circular coils' inner r1 and outer r2 radii are selected to be 106 mm and 156 mm. On the other hand, the distance between the origin and the first turn of the square coils is equal to 106 mm and the length of each square coil is chosen to be 126 mm. The 3-D models created in ANSYS Maxwell software for the two described shapes are illustrated in Figures 5a, b. According to the simulation results, the self-inductances L1 and L2 of the circular shaped coils are 115.714 μH and 115.715 μH respectively, while the corresponding values for the square shaped coils are 106.001 μH and 106.027 μH. In addition, the mutual inductance between the transmitter and the receiver coils is equal to 40.068 μH for the circular shape and 32.392 μH for the square shape, respectively. Consequently, practical results have shown a theoretical prediction that the circular shaped coils have higher mutual inductance value than square shaped coils of the same size.
Case 2: Identification of Proper Distance between Transmitter Coils
In this simulation case, the effect of distance y between the two transmitter coils 1 and 2 on the mutual inductance of DWPT system is investigated. Particularly, the distance between the transmitters 1 and 2 is selected as 0%, 10%, 20%, 30%, 40% and 50% of either the circular coil's external diameter or the square coil's external width. Figure 6 shows the effect of distance y on the mutual inductance for the circular shaped coils. It can be seen that the mutual inductance has the maximum value of 22.100 μH when this distance is zero. As the distance between two transmitter coils increases, the mutual inductance decreases. The mutual inductance becomes approximately zero when the displacement between the transmitter coils is set to 160 mm (50% of the coil's diameter). Figure 7 illustrates the correlation of the mutual inductance of the two square shaped transmitters with respect to the spacing between them. The general trend observed for the square shaped coils replicate the one produced by the circular transmitters. Precisely, as the distance between the two transmitting coils increases, the mutual inductance gradually reduces. Specifically, the highest value of mutual inductance which is equal to 23.783 μH corresponds to the no distance (zero) between the transmitters, whereas the lowest value of 2.084 μH was recorded at the 126 mm displacement. According to the simulation results, the self-inductances L 1 and L 2 of the circular shaped coils are 115.714 µH and 115.715 µH respectively, while the corresponding values for the square shaped coils are 106.001 µH and 106.027 µH. In addition, the mutual inductance between the transmitter and the receiver coils is equal to 40.068 µH for the circular shape and 32.392 µH for the square shape, respectively. Consequently, practical results have shown a theoretical prediction that the circular shaped coils have higher mutual inductance value than square shaped coils of the same size.
In this simulation case, the effect of distance y between the two transmitter coils 1 and 2 on the mutual inductance of DWPT system is investigated. Particularly, the distance between the transmitters 1 and 2 is selected as 0%, 10%, 20%, 30%, 40% and 50% of either the circular coil's external diameter or the square coil's external width. Figure 6 shows the effect of distance y on the mutual inductance for the circular shaped coils. It can be seen that the mutual inductance has the maximum value of 22.100 µH when this distance is zero. As the distance between two transmitter coils increases, the mutual inductance decreases. The mutual inductance becomes approximately zero when the displacement between the transmitter coils is set to 160 mm (50% of the coil's diameter). Figure 7 illustrates the correlation of the mutual inductance of the two square shaped transmitters with respect to the spacing between them. The general trend observed for the square shaped coils replicate the one produced by the circular transmitters. Precisely, as the distance between the two transmitting coils increases, the mutual inductance gradually reduces. Specifically, the highest value of mutual inductance which is equal to 23.783 µH corresponds to the no distance (zero) between the transmitters, whereas the lowest value of 2.084 µH was recorded at the 126 mm displacement. By comparing simulation results for the circular and square shaped coils, it was revealed that the mutual inductance between the transmitters and receiver is slightly higher in case of the square shaped coils than in circular shaped coils. This can be explained by the fact that the inductive area of the square shaped coil is larger than that of the circular shaped coils.
For instance, when the second square shaped transmitter coil is located 126 mm (50% of square's side length) apart from the first square shaped transmitter coil, the mutual inductance is equal to 1.371 μH. On the other hand, for the circular shaped coils separated by the 157 mm (50% of coil's diameter) it is equal to zero. Furthermore, the optimal value of mutual inductance is achieved when the displacement between the adjacent coils equals to 20% of diameter (width) for both shapes. The values of mutual inductance in that case are estimated to be 10.265 μH and 14.172 μH for circular and square shaped coil, respectively. Consequently, this spacing as well as corresponding induction values were selected for further simulation and analysis.
Case 3: Observation of Mutual Inductance Change with Respect to Lateral Misalignment
The 3-D view of the circular shaped coils is presented in Figure 8a . There are two transmitter coils, which are 63 mm apart from each other and a receiver coil situated at a constant 65 mm distance above. In order to analyze the effect of the moving receiver on the mutual inductance between the coils, the pick-up (receiver) coil is driven along the Y-axis and the mutual inductances between the transmitter and the receiver are calculated. Figure 8b presents the simulation results. As it can be observed, generally, the mutual inductance can be enhanced by increasing the number of transmitter coils. By comparing simulation results for the circular and square shaped coils, it was revealed that the mutual inductance between the transmitters and receiver is slightly higher in case of the square shaped coils than in circular shaped coils. This can be explained by the fact that the inductive area of the square shaped coil is larger than that of the circular shaped coils.
For instance, when the second square shaped transmitter coil is located 126 mm (50% of square's side length) apart from the first square shaped transmitter coil, the mutual inductance is equal to 1.371 µH. On the other hand, for the circular shaped coils separated by the 157 mm (50% of coil's diameter) it is equal to zero. Furthermore, the optimal value of mutual inductance is achieved when the displacement between the adjacent coils equals to 20% of diameter (width) for both shapes. The values of mutual inductance in that case are estimated to be 10.265 µH and 14.172 µH for circular and square shaped coil, respectively. Consequently, this spacing as well as corresponding induction values were selected for further simulation and analysis.
The 3-D view of the circular shaped coils is presented in Figure 8a . There are two transmitter coils, which are 63 mm apart from each other and a receiver coil situated at a constant 65 mm distance above. In order to analyze the effect of the moving receiver on the mutual inductance between the coils, the pick-up (receiver) coil is driven along the Y-axis and the mutual inductances between the transmitter and the receiver are calculated. Figure 8b presents the simulation results. As it can be observed, generally, the mutual inductance can be enhanced by increasing the number of transmitter coils. The first position of the receiver coil center was at -220 mm apart from the first transmitter coil's center since at this distance magnetic coupling initially occurs. The mutual inductance value is the smallest at this point and equal to 0.686 μH. Then, by moving the receiver coil forward, the mutual inductance value increases and reaches its maximum value at the perfect alignment between the first transmitter coil and the receiver coil. Precisely, the mutual inductance equals to 40.096 μH when the lateral misalignment between the coils' centers becomes zero. This value reoccurs in case of the perfect alignment of the pick-up coil with the second transmitter coil.
Following the circular coils' model, the same scenario was modelled for the square shaped coils as demonstrated in Figure 9a . Similarly, this simulation was performed to identify the change in mutual inductance with respect to the lateral misalignment. For square coils, the receiver coil center was moved to -190 mm distance from the first transmitter coil center. The mutual inductance at this point was found to be the lowest and equal to 1.114 μH. In addition, an increasing trend for mutual inductance values can be observed from the farthermost distance to zero of misalignment, as shown in Figure 9b . At perfect alignment position between the receiver coil and two transmitter coils, the mutual inductance has the highest values estimated at 33.072 μH and 32.348 μH, respectively. However, when the receiver coil moves from the first transmitter coil to the second transmitter coil and becomes 150 mm apart from both transmitters, the mutual inductance decreases and reaches the minimum value of 13.924 μH. The mutual inductance at perfect alignment position is higher in the circular shaped coils than in square shaped coils. The scope of this study covers the analysis of the effect of variable mutual inductance on the system's efficiency. Therefore, based on the presented simulation results, circular shaped coils were selected for the analysis of the whole DWPT system performance. However, before conducting dynamic WPT simulation study and analyzing DWC output power; it was required that the dynamic mutual inductance be examined practically.
Practical Study on Variable Mutual Inductance
This section compares simulation and experiment results over the change of the mutual inductance with respect to the lateral misalignment. Section 4.1 introduces a practical method for The first position of the receiver coil center was at −220 mm apart from the first transmitter coil's center since at this distance magnetic coupling initially occurs. The mutual inductance value is the smallest at this point and equal to 0.686 µH. Then, by moving the receiver coil forward, the mutual inductance value increases and reaches its maximum value at the perfect alignment between the first transmitter coil and the receiver coil. Precisely, the mutual inductance equals to 40.096 µH when the lateral misalignment between the coils' centers becomes zero. This value reoccurs in case of the perfect alignment of the pick-up coil with the second transmitter coil.
Following the circular coils' model, the same scenario was modelled for the square shaped coils as demonstrated in Figure 9a . Similarly, this simulation was performed to identify the change in mutual inductance with respect to the lateral misalignment. For square coils, the receiver coil center was moved to −190 mm distance from the first transmitter coil center. The mutual inductance at this point was found to be the lowest and equal to 1.114 µH. In addition, an increasing trend for mutual inductance values can be observed from the farthermost distance to zero of misalignment, as shown in Figure 9b . At perfect alignment position between the receiver coil and two transmitter coils, the mutual inductance has the highest values estimated at 33.072 µH and 32.348 µH, respectively. However, when the receiver coil moves from the first transmitter coil to the second transmitter coil and becomes 150 mm apart from both transmitters, the mutual inductance decreases and reaches the minimum value of 13.924 µH. The first position of the receiver coil center was at -220 mm apart from the first transmitter coil's center since at this distance magnetic coupling initially occurs. The mutual inductance value is the smallest at this point and equal to 0.686 μH. Then, by moving the receiver coil forward, the mutual inductance value increases and reaches its maximum value at the perfect alignment between the first transmitter coil and the receiver coil. Precisely, the mutual inductance equals to 40.096 μH when the lateral misalignment between the coils' centers becomes zero. This value reoccurs in case of the perfect alignment of the pick-up coil with the second transmitter coil.
This section compares simulation and experiment results over the change of the mutual inductance with respect to the lateral misalignment. Section 4.1 introduces a practical method for The mutual inductance at perfect alignment position is higher in the circular shaped coils than in square shaped coils. The scope of this study covers the analysis of the effect of variable mutual inductance on the system's efficiency. Therefore, based on the presented simulation results, circular shaped coils were selected for the analysis of the whole DWPT system performance. However, before conducting dynamic WPT simulation study and analyzing DWC output power; it was required that the dynamic mutual inductance be examined practically.
This section compares simulation and experiment results over the change of the mutual inductance with respect to the lateral misalignment. Section 4.1 introduces a practical method for measuring mutual inductance. Section 4.2 presents and compares simulation and experimental results. Firstly, mutual inductance is determined between one transmitter and one receiver coil, and secondly, between two transmitters and one receiver coil.
Method for Measuring Mutual Inductance
For the mutual inductance measurement between two coils, they are connected in series. Then, the self-inductance of the combination is measured and, using that value, mutual inductance between these coils is calculated. Consider two coils connected in series with self-inductances L 1 and L 2 coupled with magnetic fields in one direction (Figure 10 ). Firstly, mutual inductance is determined between one transmitter and one receiver coil, and secondly, between two transmitters and one receiver coil.
For the mutual inductance measurement between two coils, they are connected in series. Then, the self-inductance of the combination is measured and, using that value, mutual inductance between these coils is calculated. Consider two coils connected in series with self-inductances L1 and L2 coupled with magnetic fields in one direction (Figure 10 Suppose there is a current injected into this series combination. The total induced voltage due to this current across the series combination is:
where, V1 and V2 are voltages induced by L1 and L2, respectively. VM,1 and VM,2 are voltages induced by M in these two coils. They have positive sign due to aiding magnetic fields. Since the current flowing through the coils is the same, VM,1 and VM,2 are equal. If the current flowing through coils is I and the induced electromotive force (EMF) by Lenz's law is-LdI/dt, then the expression (4) becomes:
If L, L1 and L2 are known, then the mutual inductance M can be obtained as:
Simulation and Experiment Results
Coils for the experiment are spiral planar coils constructed using AWG 8 type of conductor with 100 feet (30.5 meters) length. This length was adequate to construct two coils with self-inductance of about 90 μH each. Dimension parameters of two coils are shown in Table 1 . Figure 11 a and b show isometric and top views of the coils in perfect alignment in simulation, respectively. Figure 12 shows two experimental coils in perfect alignment and industrial high Suppose there is a current injected into this series combination. The total induced voltage due to this current across the series combination is:
where, V 1 and V 2 are voltages induced by L 1 and L 2 , respectively. V M,1 and V M,2 are voltages induced by M in these two coils. They have positive sign due to aiding magnetic fields. Since the current flowing through the coils is the same, V M,1 and V M,2 are equal. If the current flowing through coils is I and the induced electromotive force (EMF) by Lenz's law is-LdI/dt, then the expression (4) becomes:
Therefore, the total self-inductance L is:
If L, L 1 and L 2 are known, then the mutual inductance M can be obtained as:
Coils for the experiment are spiral planar coils constructed using AWG 8 type of conductor with 100 feet (30.5 m) length. This length was adequate to construct two coils with self-inductance of about 90 µH each. Dimension parameters of two coils are shown in Table 1 . Figure 11a ,b show isometric and top views of the coils in perfect alignment in simulation, respectively. Figure 12 shows two experimental coils in perfect alignment and industrial high performance equipment. The vertical distance between two coils was retained at 6 cm. These two coils were connected in series and current source of measurement device with constant 6 A was utilized to measure the self-inductance values. Before measuring the mutual inductance, self-inductances of each coil are measured and compared with the simulation, see Table 2 . Experimental measurements of self-inductances revealed larger values compared to the simulation study due to additional wirings which were used for the connection with the measurement equipment. performance equipment. The vertical distance between two coils was retained at 6 cm. These two coils were connected in series and current source of measurement device with constant 6 A was utilized to measure the self-inductance values. Before measuring the mutual inductance, self-inductances of each coil are measured and compared with the simulation, see Table 2 . Experimental measurements of self-inductances revealed larger values compared to the simulation study due to additional wirings which were used for the connection with the measurement equipment. For the simulation and practical measurements, it is assumed that the transmitter coil lies in XY plane with its center at (0, 0, 0) in XYZ coordinate system, while the receiver coil center coordinates are changed along Y axis from (0, −50 cm, 6 cm) to (0, 50 cm, 6 cm) by an increment of 10 cm. There is no angular misalignment, i.e., transmitter and receiver coil planes are parallel physically in all measurements. Coils are connected in series and self-inductance of the combination for each position is determined. Finally, mutual inductance is calculated using (7) . Table 3 provides mutual inductance values for different positions found by experiment and by simulation. Position 6 is the case when center coordinates of both coils are (0, 0, 0), i.e., they are in perfect alignment. performance equipment. The vertical distance between two coils was retained at 6 cm. These two coils were connected in series and current source of measurement device with constant 6 A was utilized to measure the self-inductance values. Before measuring the mutual inductance, self-inductances of each coil are measured and compared with the simulation, see Table 2 . Experimental measurements of self-inductances revealed larger values compared to the simulation study due to additional wirings which were used for the connection with the measurement equipment. For the simulation and practical measurements, it is assumed that the transmitter coil lies in XY plane with its center at (0, 0, 0) in XYZ coordinate system, while the receiver coil center coordinates are changed along Y axis from (0, −50 cm, 6 cm) to (0, 50 cm, 6 cm) by an increment of 10 cm. There is no angular misalignment, i.e., transmitter and receiver coil planes are parallel physically in all measurements. Coils are connected in series and self-inductance of the combination for each position is determined. Finally, mutual inductance is calculated using (7) . Table 3 provides mutual inductance values for different positions found by experiment and by simulation. Position 6 is the case when center coordinates of both coils are (0, 0, 0), i.e., they are in perfect alignment. For the simulation and practical measurements, it is assumed that the transmitter coil lies in XY plane with its center at (0, 0, 0) in XYZ coordinate system, while the receiver coil center coordinates are changed along Y axis from (0, −50 cm, 6 cm) to (0, 50 cm, 6 cm) by an increment of 10 cm. There is no angular misalignment, i.e., transmitter and receiver coil planes are parallel physically in all measurements. Coils are connected in series and self-inductance of the combination for each position is determined. Finally, mutual inductance is calculated using (7) . Table 3 provides mutual inductance values for different positions found by experiment and by simulation. Position 6 is the case when center coordinates of both coils are (0, 0, 0), i.e., they are in perfect alignment. Figure 13 shows experimental and simulation graphs of the mutual inductance with respect to the Y coordinate of the center of the receiver coil. Both simulation and experiment results are in good agreement. Mutual inductance is maximum in perfect alignment, being about 40 μH and 41 μH for the experiment and simulation, respectively. Mutual inductance decreases at a very fast rate when misalignment between coils increases, and, after the center of the receiver coil coincides with the edge of the transmitter coil, it decreases at a much slower rate.
For the case with two transmitters and one receiver with dimensions similar as in Table 1 for all three coils and with relative position as in Figure 8a , two mutual inductances exist (ignoring the one between transmitters): one between the coil 1 and the receiver (M13), and another between the coil 2 and the receiver (M23). The behavior of each of these mutual inductances with respect to the relative receiver coil position is similar to that of Figure 13 and is shown in Figure 14 . In this case, transmitter coils 1 and 2 have center coordinates at (0, 0, 0) and (0, 50 cm, 0), respectively. As noticed, M23 behavior is similar to M13 with the peak being at the time when receiver coil center is at (0, 50 cm, 6 cm), i.e., when transmitter coil 2 and receiver coil are in perfect alignment. Both simulation and experiment results are in good agreement. Mutual inductance is maximum in perfect alignment, being about 40 µH and 41 µH for the experiment and simulation, respectively. Mutual inductance decreases at a very fast rate when misalignment between coils increases, and, after the center of the receiver coil coincides with the edge of the transmitter coil, it decreases at a much slower rate.
For the case with two transmitters and one receiver with dimensions similar as in Table 1 for all three coils and with relative position as in Figure 8a , two mutual inductances exist (ignoring the one between transmitters): one between the coil 1 and the receiver (M 13 ), and another between the coil 2 and the receiver (M 23 ). The behavior of each of these mutual inductances with respect to the relative receiver coil position is similar to that of Figure 13 and is shown in Figure 14 . In this case, transmitter coils 1 and 2 have center coordinates at (0, 0, 0) and (0, 50 cm, 0), respectively. As noticed, M 23 behavior is similar to M 13 with the peak being at the time when receiver coil center is at (0, 50 cm, 6 cm), i.e., when transmitter coil 2 and receiver coil are in perfect alignment. However, if transmitter coils are considered as one coil, i.e., when they are connected in parallel and the same current I flows through each coil due to their identical parameters (as in Figure 15 ), then the voltage induced in the receiver is: Figure 15 . Mutual inductance between two transmitters and one receiver vs. X coordinate of the receiver coil center.
In (8) , the first term of the sum indicates the self-induced EMF, while the second term indicates the EMF induced by mutual coupling of the receiver coil with two transmitter coils. Thus, the total mutual inductance, representing the coupling of the receiver with both transmitters connected in parallel is M = M13 + M23. Then, the behavior of M is as in Figure 16 . However, if transmitter coils are considered as one coil, i.e., when they are connected in parallel and the same current I flows through each coil due to their identical parameters (as in Figure 15 ), then the voltage induced in the receiver is: However, if transmitter coils are considered as one coil, i.e., when they are connected in parallel and the same current I flows through each coil due to their identical parameters (as in Figure 15 ), then the voltage induced in the receiver is: Figure 15 . Mutual inductance between two transmitters and one receiver vs. X coordinate of the receiver coil center.
In (8) , the first term of the sum indicates the self-induced EMF, while the second term indicates the EMF induced by mutual coupling of the receiver coil with two transmitter coils. Thus, the total mutual inductance, representing the coupling of the receiver with both transmitters connected in parallel is M = M13 + M23. Then, the behavior of M is as in Figure 16 . In (8) , the first term of the sum indicates the self-induced EMF, while the second term indicates the EMF induced by mutual coupling of the receiver coil with two transmitter coils. Thus, the total mutual inductance, representing the coupling of the receiver with both transmitters connected in parallel is M = M 13 + M 23 . Then, the behavior of M is as in Figure 16 . However, if transmitter coils are considered as one coil, i.e., when they are connected in parallel and the same current I flows through each coil due to their identical parameters (as in Figure 15 ), then the voltage induced in the receiver is: Figure 15 . Mutual inductance between two transmitters and one receiver vs. X coordinate of the receiver coil center.
In (8) , the first term of the sum indicates the self-induced EMF, while the second term indicates the EMF induced by mutual coupling of the receiver coil with two transmitter coils. Thus, the total mutual inductance, representing the coupling of the receiver with both transmitters connected in parallel is M = M13 + M23. Then, the behavior of M is as in Figure 16 . Results of the experiment are almost in a perfect agreement with the results of the simulation. This suggests that the method proposed for measuring the variable mutual inductance is accurate. These results can further be significantly useful in simulating dynamic WPT system and predicting the behavior of the system voltage, current and output power waveforms.
Dynamic WPT Simulation
DWPT Simulation
The proposed DWPT system for EV charging was modeled and simulated in order to analyze system performance in terms of efficiency. The created model is based on the layout depicted in Figure 2 explained earlier. It is supplied by a DC input voltage of 100 V, which is then converted to the square wave AC voltage changing between +100 V and −100 V. The fundamental frequency of this system is set to be 85 kHz. Other system parameters are listed in Table 4 . The coils' geometry, self and mutual inductance values are obtained from ANSYS Maxwell simulation results, whereas other values of the circuit elements are assumed as in [62] . Two simulation scenarios were performed for the verification of the proposed model. Under the first scenario, three switching cases were examined. Transmitter coils are turned on or off at various instances via the switches S 11 and S 22 , as shown in Table 5 . The time interval between the case transitions is selected arbitrarily and assumed as 30 ms. It should be noted that, when the transmitter coil is active, its mutual inductance with the vehicle-side coil is 40 µH in all three cases. For instance, in case 2 both transmitter coils, each having 40 µH mutual inductance value, will be coupled with the receiver coil for 30 ms, whereas in cases 1 and 3 only one transmitter coil with 40 µH mutual inductance is energized. The input currents I t1 , I t2 flowing from the inverter output are shown in Figure 17a -d. It can be observed from Figure 17a , I t1 in case 1 has a stable value which is equal to 40 A, but in case 2 this current has decreased to 37 A. It is decreased due to switch on of the second switch and the input current from the inverter is distributed between the two transmitter coils. The reverse situation can be seen in Figure 17c , the current I t2 is initially equal to zero and starts to increase to approximately 75 A in case 2. In case 3, I t2 becomes higher since all the input current is flowing through the second transmitter coil. Moreover, the nature of these curves is the sinusoidal curve as shown in Figure 17b ,d for the currents I t1 , I t2 , respectively. . coils, respectively. In case 1, only the switch S 11 is activated; thus, the total input current of 6.75 A is supplied to the first ground-side coil from 0 until 30 ms. In case 2, both currents I 1 and I 2 become 8.2 A. This is caused by activating both switches S 11 and S 22 , which has resulted to the equal distribution of input current between two ground-sided coils. Similar behavior to case 1 is observed for current I 2 in case 3. Precisely, the entire input current is solely delivered to the second transmitter coil. This is explained by the fact that only S 22 switch is in operation for the case 3. Also, current I 1 must equal to zero in case 3 and current I 2 must equal to 0 in case 1. Moreover, current transients are observed between the case transitions. They can be caused by the switching operation between transmitter coils. Large scale views of some of these transients are shown as an example in Figure 18b ,d,f. These transients have different time of stabilization for different cases. For instance, it took about 1 ms for both currents I 1 , I 2 to reach a steady state from case 1 to case 2, and about 1 µs from case 2 to case 3. Figure 18e -f represent the behavior of the current I L , which is delivered to the receiver coil L 1r . The stable current of 9 A is flowing through the receiver coil in cases 1 and 3. However, it is observed that in case 2, I L is higher than in other cases and equals to approximately 15 A. This is because both transmitters coils are energized in case 2 and transmit power to the receiver.
In simulations performed above, three positions of the receiving coil with respect to the primary-side transmitter coils have been considered. In cases 1 and 3, the receiver coils were positioned in perfect alignment with transmitter coils 1 and 2, respectively. In case 2, the pick-up coil was in perfect alignment state with both transmitters simultaneously, hence the higher values of currents are observed. However, the conditions maintained for the case 2 are unrealistic. In other words, when the receiver coil moves from the first transmitter to the second transmitter, the coupling will become weaker and the mutual inductance will decrease. Consequently, it will cause a significant drop in the delivered current.
Thus, the performance of the dynamic WPT system was further examined employing the second simulation scenario. According to the simulation setup for planar circular-shaped coils presented in Section 3, the mutual inductance values were obtained by changing the lateral misalignment between the transmitter coils and the receiver coil from −220 mm to 600 mm interval. The function using the values of the mutual inductance with respect to the lateral misalignment is created. Then, this function along with controlled voltage sources are used to simulate variable EMFs induced in the transmitter and receiver coils. Knowing that the total distance that the EV travels over the two transmitters is equal to 880 mm and assuming its average speed is 20 m/s, the entire passing time will result in 40 ms. The simulation result for the dynamic change of the current I L with respect to the EV's travelling time is shown in Figure 19 . Figures 18a-d show the waveforms of the simulated currents I1 and I2, which flow through L1t and L2t. coils, respectively. In case 1, only the switch S11 is activated; thus, the total input current of 6.75 A is supplied to the first ground-side coil from 0 until 30 ms. In case 2, both currents I1 and I2 become 8.2 A. This is caused by activating both switches S11 and S22, which has resulted to the equal distribution of input current between two ground-sided coils. Similar behavior to case 1 is observed for current I2 in case 3. Precisely, the entire input current is solely delivered to the second transmitter coil. This is explained by the fact that only S22 switch is in operation for the case 3. Also, current I1 must equal to zero in case 3 and current I2 must equal to 0 in case 1. Moreover, current transients are observed between the case transitions. They can be caused by the switching operation between transmitter coils. Large scale views of some of these transients are shown as an example in Figures 18b,d ,f. These transients have different time of stabilization for different cases. For instance, it took about 1 ms for both currents I1, I2 to reach a steady state from case 1 to case 2, and about 1 μs from case 2 to case 3.
Figures 18e-f represent the behavior of the current IL, which is delivered to the receiver coil L1r. The stable current of 9 A is flowing through the receiver coil in cases 1 and 3. However, it is observed that in case 2, IL is higher than in other cases and equals to approximately 15 A. This is because both transmitters coils are energized in case 2 and transmit power to the receiver.
In simulations performed above, three positions of the receiving coil with respect to the primaryside transmitter coils have been considered. In cases 1 and 3, the receiver coils were positioned in perfect alignment with transmitter coils 1 and 2, respectively. In case 2, the pick-up coil was in perfect alignment state with both transmitters simultaneously, hence the higher values of currents are observed. However, the conditions maintained for the case 2 are unrealistic. In other words, when the receiver coil moves from the first transmitter to the second transmitter, the coupling will become weaker and the mutual inductance will decrease. Consequently, it will cause a significant drop in the delivered current.
Thus, the performance of the dynamic WPT system was further examined employing the second simulation scenario. According to the simulation setup for planar circular-shaped coils presented in Section 3, the mutual inductance values were obtained by changing the lateral misalignment between the transmitter coils and the receiver coil from −220 mm to 600 mm interval. The function using the values of the mutual inductance with respect to the lateral misalignment is created. Then, this function along with controlled voltage sources are used to simulate variable EMFs induced in the transmitter and receiver coils. Knowing that the total distance that the EV travels over the two transmitters is equal to 880 mm and assuming its average speed is 20 m/s, the entire passing time will result in 40 ms. The simulation result for the dynamic change of the current IL with respect to the EV's travelling time is shown in Figure 19 . Considering Figure 19 , the moving power pick-up coil is coupled with the first transmitter only from 0 to 19 ms, whereas with the second transmitter from 22.857 ms to 40 ms. In the time interval between 19 ms up to 22.857 ms, the receiver coil is coupled with both transmitter coils simultaneously.
The maximum values of I L are achieved at 11.429 ms and 29.524 ms, when the receiver is in perfect alignment with the first and the second transmitters, respectively. As the EV begins the motion, it drives over the first transmitter coil. At the same time, the current starts to grow, peaks at zero lateral misalignment and, after that, it decreases again (see Figure 19) . The same behavior is observed in case when the receiver moves over the second transmitter coil.
Short Discussion
An effect of varying mutual inductance on the system output power is presented in Figure 20 . The values of the mutual inductances were taken from simulation results produced in simulator (Section 3). The maximum power of 1.7 kW is achieved when the receiver coil is in perfect alignment state with one of the two transmitter coils, whereas the input power was 1.8 kW.
Energies 2018, 11, x 17 of 21
Considering Figure 19 , the moving power pick-up coil is coupled with the first transmitter only from 0 to 19 ms, whereas with the second transmitter from 22.857 ms to 40 ms. In the time interval between 19 ms up to 22.857 ms, the receiver coil is coupled with both transmitter coils simultaneously.
The maximum values of IL are achieved at 11.429 ms and 29.524 ms, when the receiver is in perfect alignment with the first and the second transmitters, respectively. As the EV begins the motion, it drives over the first transmitter coil. At the same time, the current starts to grow, peaks at zero lateral misalignment and, after that, it decreases again (see Figure 19) . The same behavior is observed in case when the receiver moves over the second transmitter coil.
An effect of varying mutual inductance on the system output power is presented in Figure 20 . The values of the mutual inductances were taken from simulation results produced in simulator (Section 3). The maximum power of 1.7 kW is achieved when the receiver coil is in perfect alignment state with one of the two transmitter coils, whereas the input power was 1.8 kW. According to Figure 20 , the higher the misalignment between the coils, the lower is the output power. Indeed, the output power value is proportional and dependent on the mutual inductance value. The peak value for output power is obtained where the mutual inductance shows its maximum value.
Conclusions
In this study, the dynamic mutual inductance in a DWPT system was introduced. The pulsation problem in the output current and power profile were discussed in detail. It was highlighted that one of the reasons causing undesirable pulsation in DWPT is the dynamic mutual inductance once the vehicle is in motion. This inductance comes through the shape of transmitter and receiver coils as well as the horizontal arrangement and spacing between the transmitter coils. Furthermore, in a deep analysis, the circular and square shaped coils were model and simulated and advantages and disadvantage of each coil in mutual inductance value and its variation were studied. Dynamic mutual inductance profiles for both coils were calculated, plotted and analyzed. It was shown that for a similar coil conductor length, the circular transmitter and receiver coils provide more mutual inductance in full alignment condition, approximately 18% more than rectangle coils for a case we studied; however, rectangular coils cause less pulsation. This part was supported through coils' fabrication and practical measurement once the receiving coil slides and moving forward over the transmitter coil. Practical results confirmed the results obtained via simulation study. A dynamic WPT system for EV charging was then modeled and simulated using data obtained through practical measurements. The currents flowing through the transmitter and receiver coils as well as output power were simulated through different scenarios. It was shown that the output power decreases with the increase in lateral misalignment between the transmitter and receiver coils. In addition, the system's output characteristics are significantly influenced by the degree of coupling between the transferring and receiving coils. The results revealed that a careful design and spacing of transmitter According to Figure 20 , the higher the misalignment between the coils, the lower is the output power. Indeed, the output power value is proportional and dependent on the mutual inductance value. The peak value for output power is obtained where the mutual inductance shows its maximum value.
In this study, the dynamic mutual inductance in a DWPT system was introduced. The pulsation problem in the output current and power profile were discussed in detail. It was highlighted that one of the reasons causing undesirable pulsation in DWPT is the dynamic mutual inductance once the vehicle is in motion. This inductance comes through the shape of transmitter and receiver coils as well as the horizontal arrangement and spacing between the transmitter coils. Furthermore, in a deep analysis, the circular and square shaped coils were model and simulated and advantages and disadvantage of each coil in mutual inductance value and its variation were studied. Dynamic mutual inductance profiles for both coils were calculated, plotted and analyzed. It was shown that for a similar coil conductor length, the circular transmitter and receiver coils provide more mutual inductance in full alignment condition, approximately 18% more than rectangle coils for a case we studied; however, rectangular coils cause less pulsation. This part was supported through coils' fabrication and practical measurement once the receiving coil slides and moving forward over the transmitter coil. Practical results confirmed the results obtained via simulation study. A dynamic WPT system for EV charging was then modeled and simulated using data obtained through practical measurements. The currents flowing through the transmitter and receiver coils as well as output power were simulated through different scenarios. It was shown that the output power decreases with the increase in lateral misalignment between the transmitter and receiver coils. In addition, the system's output characteristics are significantly influenced by the degree of coupling between the transferring and receiving coils. The results revealed that a careful design and spacing of transmitter and receiver coils are required to reach an efficient EV Energies 2018, 11, 624 18 of 21 charging arrangement and pulsation reduction. One possible solution can be implementing circular coils with reducing the transmitter coils spacing.
In DWC, there are several challenges that need to be addressed, and require further exploration as future work. Firstly, the power pulsation at the receiver side during motion has an adverse effect on the storage system and corresponding electronic components. Therefore, it is necessary to minimize such pulsation and fluctuation; this can be obtained through several solutions. One of the approaches involves appropriate design of transmitter and receiver coils. For instance, it is noted that rectangular-shaped coils create less power pulsations due to their geometric structure; therefore, the optimal design of a rectangular-shaped coil should be developed. Another approach includes designing the battery charging circuit to provide a relatively smooth output to the battery unit. Secondly, the speed of charging of storage units is a substantial challenge, particularly in DWPT. One of the possible solutions can be the complementary use of supercapacitors and batteries, as supercapacitors have rapid charge and discharge characteristics. Thirdly, the effects of the ferrite or metallic shields on mutual inductance should be considered, as this can minimize the leakage flux, and increase mutual coupling between transmitter and receiver coils. Additionally, in future it will be highly important to design the switching algorithm of transmitter coils according to the position of the multiple receivers; this will allow more energy-savings. Potentially, this can be achieved using time-sharing and beamforming techniques. In time-sharing, only a certain group of receivers is energized in a specific timeframe. This allows an optimal wireless power distribution to multiple users, thus receiver which is relatively far from the transmitter coil has a longer timeframe. In beamforming, a magnetic field from all transmitter coils is combined in a certain beam, which strengthens the power transfer to the specific receiver. Similarly, beamforming can be used for WPT to the receivers which are relatively far from transmitter coils.
